The dressed heavy quark massm Q = m Q +Λ withΛ being the binding energy is introduced to characterize the heavy hadrons containing a single heavy quark. A heavy quark expansion in terms of the inverse of the dressed heavy quark mass 1/m Q is presented with a complete decomposition of the full field and integrating out the small components. The heavy quark-antiquark coupling effects are included in the finite mass corrections. It is shown that the 1/m Q expansion is more favorable in application. The extraction of |V cb | from exclusive B decays is studied by using such a new expansion approach.
I. INTRODUCTION
For a heavy hadron which contains a single heavy quark (bottom or charm), the heavy quark mass m Q is much larger than the QCD energy scale Λ QCD which characterizes the light degrees of freedom in the heavy hadron. The four momentum of the heavy quark can be expressed as p µ = m Q v µ + k µ , where v µ is taken to be the velocity of hadron at the rest frame, and k µ is the residual momentum of the order of binding energy, which is much smaller than m Q . The heavy quark symmetry [1] [2] [3] and its breaking effects are of particular importance in studying such hadrons. Consequently, the heavy quark effective theory (HQET) has been developed, where the effective Lagrangian is expanded in 1/m Q . In deriving the Lagrangian of HQET, the quark and antiquark are assumed to be conserved separately. Namely the heavy antiquarks are regarded as completely decoupled from the heavy quarks at the beginning. The transition matrix elements can also be represented in series of 1/m Q through the heavy quark expansion (HQE) and evaluated order by order. HQET and HQE have been discussed by many authors [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . In the past two decades they are widely used in studying heavy hadrons.
When the momentum of the heavy quark is much lower than the quark-antiquark pair creation threshold, an alternative framework of effective field theory for heavy quarks can directly be derived from the full QCD [16] [17] [18] [19] . Just like for other effective theories, the basic idea is that some degrees of freedom characterizing higher scale physics can be decomposed and integrated out when we consider physics at low energy scales. Concretely speaking, for heavy quarks with |p| ≪ 2m Q , one may perform a complete decomposition of the QCD full field into quark field and antiquark field via positive and negative energy components (see below) of a full field, and integrate out the small components of quark field and antiquark field, which leads to the so-called 1/m Q corrections. When considering heavy quark (or antiquark) systems, one should further integrate in the contributions of heavy antiquark (or quark) components. As a consequence, additional 1/m Q corrections arise from the quark-antiquark coupling terms in the full QCD. It should be noted that such a framework is distinguishable from the usual HQET in which the particle and antiparticle were assumed to be conserved separately and treated in a different way. For convenience, we refer to such a framework as a heavy quark effective field theory (HQEFT). Though the heavy quark-antiquark coupling effects vanish in the heavy quark limit, they are actually nonzero when one considers the finite mass contributions. It is then not surprising that the 1/m Q corrections evaluated in HQEFT and HQET could be different though they are the same in the infinity mass limit. For instance, the transition matrix elements of 1/m Q corrections concern less independent wave functions in HQEFT than in the usual HQET and the 1/m Q order corrections at zero recoil automatically vanish in HQEFT, and there exist some relations between wave functions and heavy hadron masses in HQEFT.
HQEFT has been applied to explore various processes of heavy hadrons. In particular, the Cabibbo-Kobayashi-Maskawa (CKM) matrix elements |V cb | and |V ub | are extracted from both inclusive [20] [21] [22] [23] and exclusive [17, [24] [25] [26] [27] [28] [29] B decays. In the treatment of inclusive B decays, the dressed heavy quark massm Q = m Q +Λ as a whole enters the formulation, which implies that a "dressed heavy quark"-hadron duality is more reasonable than the naive heavy quark-hadron duality. As a consequence, when the inclusive decay rates of heavy hadrons are expressed in terms of the physical hadron masses, they receive no 1/m Q order corrections. This treatment not only suppresses the next-to-leading order contributions and makes the operator product expansion (OPE) reliable, but also diminishes the large uncertainties arising from the heavy quark mass. For exclusive decays, HQEFT has also been demonstrated to be reliable. Whereas in our previous works the heavy quark expansion for the effective Lagrangian and transition matrix elements is carried out in powers of 1/m Q .
In this paper, we briefly review the description of HQEFT and show that a 1/m Q expansion is also consistently applicable to the heavy quark effective Lagrangian and transition matrix elements. In Sec. II, we first outline the derivation of a complete HQEFT and then extend it to the formulation in terms of 1/m Q expansion. In Sec. III, we present new formulae for HQE of heavy-to-heavy transition matrix elements by applying the 1/m Q expansion. In Sec. IV, we extract the CKM matrix element |V cb | based on the new formulation and the most recent experimental data. Our conclusions are given in Sec. V.
II. HEAVY QUARK EXPANSION IN TERMS OF 1/m Q
The Lagrangian in the full QCD is
(1)
Q is the full field for heavy quark, and L light represents the section containing no heavy quarks. Based on the principle of superposition, the field Q in quantum field theory is actually the superposition of two parts which correspond to the positive and negative energy components. Namely the full field Q can always be decomposed formally into positive and negative energy parts
where Q + and Q − may be expressed explicitly in the energy-momentum space as
It is clear that Q + and Q − correspond to the positive and negative energy parts of the full field Q, which are the so-called quark field and antiquark field, respectively. In the case for free quark fields, they can be expanded in terms of plane waves as
where s is the spin index, b s and d † s are the annihilation and creation operators respectively, and u s and v s are four-component spinors. In Dirac representation, they can be explicitly written as
with ϕ s being the two component Pauli spinor field that annihilates a heavy quark, and χ s being the Pauli spinor field that creates a heavy antiquark. Later on we will see that the effective heavy quark and antiquark fields at |p| ≪ 2m Q exactly come from the "large" components of Q + and Q − . The generating functional in the full theory can be represented as
In Eq. (9) and all the following relevant equations, we simply denote the source terms as jφ for convenience. Introducing a vector v µ with v 2 = 1, one can define the projecting operators
which satisfies P 2 ± = P ± . Then Q ± can be written as
At |p| ≪ 2m Q , the field components R [18, 19] . To be more explicit, taking v = (1, 0, 0, 0), one then has in the momentum spacê
In this case one can decompose the full field Q as Eqs. (2), (10) and (11), and write the generating functional as
Then one may integrate out the small components R
L Q,v is the resulting Lagrangian for heavy section with the small components integrated out. It can also be derived equivalently by using the relevant Dirac equation of motion
where
Clearly one has
L Q,v is found to be [17, 19] 
where iˆ D v is defined as
and the operator
To get a reliable expansion at low energies, the large momentum carried by the heavy quark should be removed. Generally this can be achieved by introducing new field variables
m Q is a parameter with mass dimension. It can be chosen appropriately according to the physical picture for the process studied. In general a heavy quark within a hadron cannot truly be on shell due to strong interaction among heavy and light quarks as well as soft gluons. Thus one may write the total momentum of the heavy quark in a hadron as
where v ·k is the part which depends on heavy flavor and is suppressed by the heavy quark mass;m Q is defined as the sum of the heavy quark mass and the binding energyΛ that reflects the nonperturbative effects of strong interaction and relates to the light constituents in the heavy hadron,m Q = m Q +Λ. In such a consideration, the residual momentum k =Λv +k as a whole characterizes the off-shellness of the heavy quark in the heavy hadron. Namely, the total residual momentum k =Λv +k of the heavy quark is assumed to comprise the main contributions of the light degrees of freedom in the heavy hadron containing a single heavy quark. In such a physical picture, the heavy quark may be regarded as a "dressed heavy quark", and the heavy hadron containing a single heavy quark is more reliable to be considered as a dualized particle of a "dressed heavy quark". Different from the "heavy quark"-hadron duality in the usual heavy quark effective theory, what we are considering is the physical picture of the "dressed heavy quark"-hadron duality. As a consequence, the wave functions defined in the next section should have a weaker dependence on the light constituents of heavy hadrons.
With the definition (26), the Lagrangian (23) can be written in terms of Q
with
In Eq. (27) we use L 
Note that In the above discussions, the binding energyΛ is introduced based on physical consideration of the heavy-light systems. Formally it can be defined consistently via the normalization of hadron states as follows. The hadron state |H in full theory is normalized as
where p µ H = m H v µ is the momentum of the heavy hadron H. In the effective theory at low energies, one may introduce an effective heavy hadron state |H v , which is heavy flavor independent, and normalized as
It is then related to the heavy hadron state |H via
where Γ denotes Dirac matrixes,Λ H = m H − m Q andΛ H ′ = m H ′ − m Q ′ are the mass differences between heavy hadrons and heavy quarks, whilē
is independent of the heavy flavor and reflects the contributions of light degrees of freedom in the hadron. J Q,v in Eq.(37) is derived from the currentQΓQ. It will be given explicitly in Sec.III. The basic framework of HQEFT has been derived and discussed in the previous papers [16] [17] [18] [19] . Here we reexpress the effective Lagrangian in terms of the expansion 1/m Q instead of 1/m Q . The binding energy arising from the "longitudinal residual momentum" of the heavy quark is absorbed into the heavy quark mass to be given as the dressed heavy quark masŝ m Q = m Q +Λ, so that the flavor independent nonperturbative contributions of the light degrees of freedom are effectively included in the dressed heavy quark. This treatment is consistent with the physical picture of a heavy kernel (the dressed heavy quark) surrounded with the clouds of light degrees of freedom which mainly reflect the small "transverse residual momentum" of heavy quark. Asm Q > m Q , an expansion in 1/m Q is expected to be more convergent and reliable, especially for charm quark systems. Actually, it has been shown in the inclusive decays [20, 21] that by usingm Q instead of adopting m Q andΛ separately in the calculations, the results get less uncertainties and the order 1/m Q corrections are automatically absent. In this note, we will show that based on the new formulation of Lagrangian given in Eqs. (27) - (29), one can also consistently perform 1/m Q expansion for the exclusive decays.
III. TRANSITION MATRIX ELEMENTS IN 1/m Q EXPANSION
Similar to the derivation of the effective Lagrangian L Q,v , the heavy quark current J(x) = Q ′ (x)ΓQ(x) in full QCD can also be transformed into the following form by integrating out the small component R v ,
which have minor differences to the formulae in (21) . Using Eq. (22), and noting that
where σ = ±1 and A is a c-number, we write J Q,v as
Furthermore, both J Q,v and L Q,v can be expanded in terms of 1/m Q ( ′ ) . Explicitly one obtains
and
Then the effective current in terms of 1/m Q expansion is obtained:
where the operators are defined as
Eq.(48) can be derived by using Q,v acts on a specific hadron state, the state will pick up the proper component. That is, the hadron containing a single heavy quark (antiquark) picks up Q + (Q − ) and cancels Q − (Q + ). Now the heavy quark expansion for any heavy-to-heavy transition matrix elements can be represented as
When v ′ = v, one gets from Eqs.(35)-(37) and (51)
It is seen from Eq.(52) that the heavy flavor dependence ofΛ H can be attributed to the heavy-to-heavy transition matrix elements, or relevant wave functions. The heavy hadron mass is then given by
which is the fact that the hadron mass consists of the dressed heavy quark mass and the residual mass suppressed by 1/m Q .
To be concrete, we study the weak transition matrix elements between ground state pseudoscalar and vector mesons. They can be described by 18 form factors:
where ǫ ( ′ )µ is the polarization vector of the vector meson, and ω is the product of the fourvelocities of heavy mesons, ω = v · v ′ . On the other hand, for such transitions between (Q +q ) states one can rewrite Eq.(51) as
, and the gluon field strength tensor
. Then a set of heavy flavor and spin independent wave functions can be introduced as follows,
where M is the spin wave function
, and η αβγδ (v, v ′ ) are the same as that presented in the Appendix B of Ref. [17] . For simplicity, when the variable ω is not written explicitly, we refer to the zero recoil values of relevant functions, i.e. h A 1 = h A 1 (1), κ 1 = κ 1 (1), etc.
With the definition in Eqs.(54) and (56), one obtains from Eqs.(37) and (55)
where the normalization of the Isgur-Wise function ξ(1) = 1 [3] has been used. At the zero recoil point, Eqs. (37) and (54)- (59) yield
Then it is clear that all matrix elements in (54) are protected from 1/m Q order corrections at zero recoil. Furthermore, one has h − (ω) = h 2 (ω) = 0 [17] because in the new framework of HQEFT the effective current J ef f Q,v contains only terms with even powers of D / ⊥ .
IV. |V cb | FROM EXCLUSIVE B DECAYS
The B → D * (D)lν differential decay rates are
where the QCD radiative corrections to two loops give the short distance coefficients η A = 0.960 ± 0.007 and η V = 1.022 ± 0.004 [30] . The form factors h i contain long distance effects and can be estimated by nonperturbative methods such as lattice simulations, QCD sum rules or quark models. Here we do not perform such calculations but try to make model independent prediction on |V cb | using the HQE discussed in the previous sections. Suppose that the residual momenta of the heavy quarks approximately equal and the longitudinal residual momenta of dressed heavy quarks be much smaller than the binding energy, we then have in a good approximation
. Consequently, we arrive at the following relations among the wave functions:
which will be adopted in the following discussions.
Since the contribution of the chromomagnetic moment operator is generally much smaller than that of the kinetic energy operator, we neglect operators containing two field strength tensors of gluon but remain those containing only one. As a result, χ j and η j for j = 4, 5, 6 will be neglected. Thus we get from Eqs.(58)-(60)
where F 1 and F 2 are defined as
As already mentioned in the previous section, the form factors h A 1 and h + are protected from 1/m Q order correction, and h − = 0 holds up to order 1/m 2 Q in our expansion. These make both the semileptonic decays of B → D * ℓν and B → Dℓν the appropriate channels for the |V cb | extraction. From Eqs. (67) and (68) 
we obtain
The data in Eqs. (73) and (74) are consistent with the results in Ref. [24] . In that reference κ 1 = −0.50 ± 0.18GeV 2 ,Λ = 0.53 ± 0.08GeV and κ 1 ≈ −0.43GeV 2 , κ 2 ≈ 0.08GeV 2 are given via different methods of analysis on the sum rule equations that include only one-loop perturbative contributions. When the two-loop perturbative contributions are considered in the sum rule for the decay constant, κ 1 ≈ −0.34GeV 2 ,Λ = 0.56 ± 0.08GeV are obtained. h A 1 and h + in (69) and (70) also depend on ̺ 1 and ̺ 2 . Note that the definition of κ i and ̺ i in (56) can be written as
Then the approximation (65) implies 
we get
Consequently, the averages of measurements [31] |V cb |F (1) = 0.0360 ± 0.0013, (80) |V cb |G(1) = 0.039 ± 0.004
give |V cb | B→D * = 0.0370 ± 0.0013 exp ± 0.0015 th , (82) |V cb | B→D = 0.0383 ± 0.0039 exp ± 0.0011 th .
So the |V cb | values extracted from B → D * ℓν and B → Dℓν decays are consistent within the errors of experimental data. It is noticed that the value extracted from B → Dℓν suffers from relatively larger experimental uncertainty, which can be seen in Eq.(81). The result for |V cb | in (82) is marginally consistent with the value given in Ref. [31] (0.0386 ± 0.0013) but has a smaller center value. For more precise determination of |V cb |, it would be helpful to evaluate 1/m 2 Q order wave functions such as F i and ̺ i through other methods like lattice or QCD sum rule calculation.
V. CONCLUSIONS
We have briefly reviewed the derivation of a heavy quark effective field theory. This HQEFT is complete in that the effective Lagrangian contains the heavy quark-antiquark coupling terms, which appear as finite mass corrections. Unlike the usual naive heavy quark-hadron duality, we do not simply treat the light components of hadrons as spectators. Instead, the flavor independent nonperturbative effects of light degrees of freedom are attributed to the dressed heavy quark with the dressed massm Q = m Q +Λ and the total momentum p Q =m Q v +k, and it is such a dressed heavy quark that dualizes the heavy hadron. Consequently, HQEFT has been extended into the formulation in terms of 1/m Q expansion. Such an expansion is consistent with the picture of dressed heavy quark and becomes more convergent. The HQE of heavy-to-heavy transition matrix elements has been consistently extended into a 1/m Q expansion form, in which the contribution of heavy antiquark (or quark) field is integrated into the effective current.
|V cb | extraction from B → D * (D)ℓν decays has been discussed by using the HQE in 1/m Q . Due to the appropriate definition of effective states, zero recoil values of the relevant form factors can be estimated from the hadron masses. Using some approximate relations between wave functions |V cb | is found to be 0.0370 ± 0.0013 exp ± 0.0015 th from B → D * ℓν decay and 0.0383 ± 0.0039 exp ± 0.0011 th from B → Dℓν decay. For these two channels, experimental study of B → Dℓν is more difficult and it has larger uncertainties. Nevertheless, the current data of |V cb |G(1) and the form factors extracted within the framework of HQEFT give the |V cb | value consistent with that from B → D * ℓν decay, which shows the reliability of the 1/m Q expansion in this application.
Wilson-line transformation [32] . One can introduce new field variable Q 0 v by [19] 
where P denotes path ordering with
one can write Eqs. (44)- (47) as 
In terms of Q 0 v , the effective Lagrangian in heavy quark limit turns into 
